The level of awareness about ocean wave energy as a viable source of useful energy has been increasing recently. Different concepts and methods have been suggested by many researchers to harvest ocean wave energy. This paper reviews and compares the efficiencies and power performance of different wave energy converters. The types of analyses used in deriving the reported efficiencies are identified, and the stage of the power conversion processes at which the efficiencies were determined is also identified. In order to find a common way to compare the efficiencies of different technologies, the hydrodynamic efficiency in relation to the characteristic width of the wave energy converters and the wave resource potential are chosen in this paper. The results show that the oscillating body systems have the highest ratio in terms of the efficiency per characteristic width, and overtopping devices have the lowest. In addition, with better understanding of the devices' dynamics, the efficiencies of the newer oscillating water column and body systems would increase as the potential wave energy level increases, which shows that those newer designs could be suitable for more potential locations with large variations in wave energy potentials. At last, discussion about the cost of ocean wave energy is presented as well.
Introduction
The potential of using ocean wave energy as a useful and reliable energy source has been generally accepted. Ocean wave energy resources have been assessed at global [1] [2] [3] and regional levels [4] [5] [6] [7] , and the amount of available ocean wave energy is substantial enough to generate serious interest in exploiting it. The general consensus is that the amount of available ocean wave energy is capable of contributing significantly to the energy needs of different countries. Countries with a considerable amount of exposure to the ocean along and within their borders would benefit from the successful exploitation of the ocean wave energy. Countries in Europe, the United States of America, China, and India are at the forefront of developing strategies to add ocean wave energy into their energy mix [8] . Governmental agencies in these countries have commissioned studies to perform resource assessments [9] and provided laboratories and test sites for the design and testing of wave energy converters (WECs) [10] [11] [12] . Apart from government commissioned studies, some studies are being performed by private organizations [13] , universities [14] , research centers [15] , and individuals, which are all participating in the quest to bring ocean wave energy into the mainstream of the renewable energy industry. As a way of encouraging research into ocean wave energy systems, the United States Department of Energy sponsored a public design-build-test competition for organizations involved in wave energy converter development [16] . Top prizes were awarded to the devices with the best energy harvest efficiency. The winner of the competition was "AquaHarmonics", which used fivefold technology to improve its performance [16] .
Back in 2002, there were already more than 1000 different patents filed on wave energy systems around the world, as stated in [17] . Different designers, scientists, and engineers have claimed the uniqueness of their equipment in terms of the advancement of performance. However, despite these numerous attempts, the commercial exploitation of the wave energy resource has been very slow compared to renewable energy sources such as wind and solar. Many issues have been identified as factors affecting the low penetration of ocean wave energy. Challenges ranging from the variability of the ocean waves' properties and the survivability of the wave energy converters in the harsh ocean environment have been identified by different studies [18, 19] .
Many concepts and designs of wave energy converters have been developed over the years. Those concepts and designs that have cropped up in the wave energy industry can be categorized into three main categories, as shown in Figure 1: (1) oscillating water columns (OWCs), (2) oscillating body systems, and (3) overtopping systems. These devices can be either placed along the coastlines as fixed structures or used as floating structures in offshore areas. This main characterization of wave energy converters is based on different types of interaction between the devices and the ocean waves. Those concepts and designs aforementioned are based on combinations and modifications of the three main categories. The growth of the wave energy industry is also hampered by the lack of standard procedures and criteria related to choosing suitable technology among the three main categories to harvest wave energy at different locations. It is also difficult to quantify the progress of the advancement in wave energy-harvesting techniques, even though many researchers have claimed to improve existing concepts and designs. Back in 2002, there were already more than 1000 different patents filed on wave energy systems around the world, as stated in [17] . Different designers, scientists, and engineers have claimed the uniqueness of their equipment in terms of the advancement of performance. However, despite these numerous attempts, the commercial exploitation of the wave energy resource has been very slow compared to renewable energy sources such as wind and solar. Many issues have been identified as factors affecting the low penetration of ocean wave energy. Challenges ranging from the variability of the ocean waves' properties and the survivability of the wave energy converters in the harsh ocean environment have been identified by different studies [18, 19] .
Many concepts and designs of wave energy converters have been developed over the years. Those concepts and designs that have cropped up in the wave energy industry can be categorized into three main categories, as shown in Figure 1 : (1) oscillating water columns (OWCs), (2) oscillating body systems, and (3) overtopping systems. These devices can be either placed along the coastlines as fixed structures or used as floating structures in offshore areas. This main characterization of wave energy converters is based on different types of interaction between the devices and the ocean waves. Those concepts and designs aforementioned are based on combinations and modifications of the three main categories. The growth of the wave energy industry is also hampered by the lack of standard procedures and criteria related to choosing suitable technology among the three main categories to harvest wave energy at different locations. It is also difficult to quantify the progress of the advancement in wave energy-harvesting techniques, even though many researchers have claimed to improve existing concepts and designs. The first recorded patent filed on wave energy harvest was in 1799 using the oscillating water column technology [20] . The device was reported to supply a home with about 1 kW of electricity. Between this period and the early 1960s, no serious activity on wave energy systems was recorded. The WEC system put in place by Y. Masuda [21] was used to provide power for ocean buoys in the late 1960s to early 1970s. A larger device named Kaimei was developed later by Masuda. This device housed and tested several OWCs equipped with different types of air turbines. However, its power output performance was not good since it was still at an early stage when the theoretical knowledge of wave energy absorption was in its infancy. With the increase in the theoretical knowledge of wavestructure interactions, improvements were made on Masuda's basic design, which led to the design The first recorded patent filed on wave energy harvest was in 1799 using the oscillating water column technology [20] . The device was reported to supply a home with about 1 kW of electricity. Between this period and the early 1960s, no serious activity on wave energy systems was recorded. The WEC system put in place by Y. Masuda [21] was used to provide power for ocean buoys in the late 1960s to early 1970s. A larger device named Kaimei was developed later by Masuda. This device housed and tested several OWCs equipped with different types of air turbines. However, its power output performance was not good since it was still at an early stage when the theoretical knowledge of wave energy absorption was in its infancy. With the increase in the theoretical knowledge of wave-structure interactions, improvements were made on Masuda's basic design, which led to the design and installation of two full-size devices in Norway with rated capacities of 350 kW and 500 kW, respectively [21] in 1985. By the early 1990s, a prototype rated at 75 kW was installed along the shores of Scotland [22] , while a prototype rated at 60 kW was installed in Japan [23] , and one rated at 120 kW was installed in India [24] . It should be noted that all these highlighted values of power are the designed rated capacity of the devices.
To properly measure the growth of the wave energy industry, it is necessary to determine the capacities of those early wave energy-harvesting devices and compare them with the capacities of recent similar devices. This should be done by investigating not only the rated power capacity of these devices, but also the actual power production either proposed or tested. There exists few guidelines on how to estimate the performance of wave energy converters; hence, it is difficult to ascertain claims of improvement by different researchers. Moreover, there exist different technology directions for the harvesting, so it may be difficult to evaluate and compare their power performance. There have been some attempts by researchers to quantify the power produced by their devices. For example, while some researchers have used the absorbed power versus the rated power of the device power performance of OWC devices, others have estimated the power through the hydrodynamic performance of a system, which is based on the ratio of absorbed power to the power available in the interacting wave front [25] [26] [27] . In some cases, the performance of the absorber was treated separately from that of the power take-off when estimating the power performance [27] .
The aim of this paper is to review the performance trends of different wave energy converters during the past 30 years. Thirty years ago, it was the time when the first set of 'successful' WECs started coming up. This paper reviews the proposed concepts that have reached the design stage and have been deemed feasible. Experimental and simulations of WECs are also reviewed with focus on their performance. Most importantly, for WECs that have been field tested or are being operated, their performance is evaluated based on the ratio of their power output to the energy potential presented at the site. Distinctions are made on whether the reported power performance is for the whole system or for subsystems such as the absorber part or the power take-off parts. This paper first reviews the performance trends within each of the three main WEC technology categories followed by a comparison between different harvesting technologies. Although most of the studies conducted on ocean wave energy converters have focused mainly on the power capture, some recent studies have also focused on analyzing the costs at which wave energy can be harvested. The relationship between costs and power performance is not independent. As such, technology improvement focused on increasing power capture may lead to a decrease in costs, thereby increasing the competitiveness of ocean wave energy with other energy sources.
Performance Analysis of Wave Energy Converters
There are different ways to account for the performance of wave energy converters. A specific index or multiple indices may be used to describe the performance of a WEC. For example, a notable recent work [28] that uses power performance to describe different wave energy converters chose the capture width ratio as the basis for power performance comparison among different wave energy converters. Another work [29] focused on the economic aspect while comparing WECs, using the levelized cost of producing 1 kWh of energy and assessing their competitiveness and profitability. Factors influencing the costs were included in the analysis, which include construction and installation, operation and maintenance, etc.
The analysis and comparison of WECs' performance can be problematic. This paper has identified three critical challenges as listed below, and created a framework to incorporate and address these challenges to form a reasonable comparison between different types of WECs.
1.
Since there are many different capture technologies of WECs available, it may difficult to compare the performance of different technologies at the same time.
2.
The scales and sizes of different wave energy converters will affect the comparison results. Therefore, in comparing similar WECs at different model sizes, a scaling ratio needs to be defined for different model sizes as well as the wave conditions in which those models were tested.
For example, a laboratory-scaled WEC will probably be dominated by inertia forces instead of gravity forces since its size is usually small, while gravity forces may become dominated for a prototype scaled model tested in the field due to the increased size [30] . Furthermore, since a laboratory scaled model will probably contain fewer parts such as the power take-off (PTO), electrical, and transmission systems, the impacts on the WEC's efficiency associated with these parts may make the results of simulation and laboratory scaled devices tests different from the results of field prototypes tests and the operating WECs.
3.
The performance of WECs can be greatly influenced by the wave condition at the test sites. For example, the performance of oscillating water columns and oscillating body systems, whose optimum capture occurs when the WEC is at resonance with the incoming waves [31] [32] [33] [34] [35] , will be much lower if the WECs are tested in a site where most of the wave properties are outside the WEC's resonance bandwidth.
To account for these identified challenges related to providing a reasonable comparison while tracking the trends in each WEC's performance, research in comparison analyses conducted by some scholars provides some solutions to tackle these challenges. Rusu et al. [26] compared the performance of different WECs including the most developed ones at selected test sites around the world. The parameters used for the comparison include (1) the power matrix (P E ) defined by the device manufacturer based on the bivariate distribution of significant wave height and peak period;
(2) the capacity factor, which is defined as the relationship between P E and the actual power captured under different wave conditions; and (3) the ratio of P E and the theoretical power potential available in the area per unit of wave front defined by the capture width [25] . This method described above is very good for comparing WECs or WEC concepts when the dimensions, technology types, and wave properties of intended/installed sites are well defined; thus, it is chosen to be used in this review paper. For WEC concepts that lack detailed parameters, it is assumed that the device is operated in optimum conditions as described by WEC concepts.
Considering the three major challenges described above, the framework adopted for the hydrodynamic power efficiency comparison in this paper is the ratio of the power capture to that of the power available within the width of the primary interacting part of the device.
E f f iciency (η) =
Power Absorbed Power available within device width (1) Using this method to estimate the power absorbing efficiency is almost straightforward for WECs in oscillating water columns and oscillating body systems categories. Even when the devices have irregular shapes, the width of the device that interacts with the ocean waves is usually well defined. For overtopping devices, there is a big challenge when using this method because their mode of operation is more similar to that of conventional hydropower systems technically. In addressing this challenge, a modified method is used to estimate the hydrodynamic performance of overtopping converters, in which the hydrodynamic efficiency is represented by the ratio of power in the crest of the overtopping water after it encounters the converter to that of the power available in the ocean waves. The power in the crest of the overtopping device will depend on the width as well as the depth between the top and the turbine. This method may be able to give an estimate of the amount of average power absorbed from the power available in ocean waves during a specific period of time by the overtopping devices.
The established ocean wave test sites around the world have provided researchers and developers access to quality wave energy resource potential data as well as facilities to test their designs, models, and prototypes. The ocean wave resources at these testing sites (as listed in Table 1 ) have been thoroughly characterized. Hence, they give very reliable data regarding the performance of the devices tested at those sites. Table 1 shows that most of those testing sites are in Europe. The Pacific Marine Energy site that is being built in the United States is a comprehensive site that will be larger in scope than all existing testing sites, and will be able to test different types and scales of WECs. There exists other small testing facilities in the USA; however, most of these small facilities use wave tanks that are designed for testing smaller models of WECs [36] [37] [38] [39] . Other planned sites include sites in Zhejiang, Guangdong, and Shandong provinces in China [40] . The efficiencies of wave energy converters can be classified by the efficiencies at the different stages of their energy conversion processes [41]:
1.
Pneumatic/hydrodynamic efficiency: This is the ratio of the primary energy absorbed by the device to the energy resource available within the interacting section of the device with the ocean wave.
2.
Turbine/mechanical efficiency: This is the ratio of the absorbed energy by the device to the mechanical energy through the power take-off device.
3.
Electrical efficiency: This is the ratio of the mechanical energy to electrical energy in situ through the appropriate generator.
4.
Transmission efficiency: This occurs during the conversion of the unstable electrical energy by the device to stable grid-acceptable electric energy.
In this review paper, the four types of efficiencies described above are used to analyze all three major types of WECs listed in Section 1. The different devices within each type are compared first (in Sections 3-5), and then all three types are compared with each other in Section 6.
There are many studies in the literature reporting the power performance of different WECs. In compiling the efficiencies of different WECs in this study, the authors only chose those that were tested or simulated using irregular wave conditions. The reported efficiencies in this paper mostly focused on the optimum power captured by the WECs. Since the WECs were designed to reach optimum performance in specific irregular wave conditions, most of the reported efficiencies in this paper represent the best performance of specific WECs, even though they were tested or simulated in different irregular wave conditions with weighted probabilities of occurrences. In some cases, the annual average performance is reported as well in this paper. 
Oscillating Water Column Devices
Commercialized ocean WECs were first reported in the 1960s, when they were used to power navigation buoys in Japan and the USA [59] . Although those WECs were not termed as oscillating water columns (OWCs) then, their capturing technology was later identified as close to that of the OWCs. Another larger floating device measuring up to 80 m containing several devices with different air turbines was tested in 1976 by the same designer [60] . Although little information was known about the performance of those devices, the general consensus among scholars was that their performance was low [21] . One of the reasons suggested for this low performance is that vigorous studies into WEC's behavior were still scarce at that stage. Despite these setbacks, Masuda [59, 60] has demonstrated that ocean waves could supply a reliable source of energy. Following more theoretical analyses into wave energy dynamics [29] [30] [31] , the 1980s and the early 2000s saw many bold attempts regarding the design and construction of WEC prototypes around the world. The capacities of those major WECs and their prototypes ranged from tens of kW to several hundreds of kW, as shown in Table 2 . When these devices were first deployed, the only information available was their name plate capacity. After some years of studying and testing, they were accessed in different ocean wave environments. Simulation and numerical studies were performed on models of the devices, while optimization methods were developed to develop better power take-off to increase efficiency. These studies increased the knowledge of the performance of different types of oscillating water columns. [66] [67] [68] [69] 400 kW N/A Australia [70, 71] 450 kW N/A Mutriku Spain [72, 73] 296 kW 16 units with 18.5 kW each Mighty Whale [74] 110 kW N/A KRISO/South Korea [75] 500 kW N/A
Simulation and Numerical Analysis on Oscillating Water Columns
When the first set of OWC prototypes were deployed, the numerical and analytical understanding of those devices' dynamics were very limited. In addition, the availability of power computational fluid dynamics applications was also limited. Hence, most simulation analyses of the OWCs using computational tools were performed in and after the 2000s. These computational fluid dynamics (CFD) codes were based on the numerical integration of Reynolds-averaged Navier-Stokes (RANS) equations. Simulations were performed, and the simulation results were compared with results obtained from the prototype tests [76] [77] [78] . Some simulations and numerical analyses were performed in conjunction with laboratory-scaled tests for validation purposes [69, 74, 79] . The latest sets of simulation were performed to study existing devices and to help increase the efficiency of the existing devices through optimization. The simulation and numerical results provided better understanding of the existing testing results from deployed devices, and the efficiency and performances of these existing OWCs. Therefore, optimizations and modifications to improve the efficiency of the devices can be incorporated at the design stage through simulations and numerical analysis. Some of the important simulations and numerical analyses made on the existing and generic OWCs are summarized in Table 3 . 
Efficiencies of Large-Scale Prototypes and Field Tests Results of OWCs
The progress made in the understanding of OWC devices stemmed from the fact that some full-scale prototypes of these devices were manufactured, installed, and operated. The operation of these prototypes provided much more insight into the dynamics of their energy conversion processes and performances. The major successful OWC devices are the Pico [46,47], Mighty Whale [74, 76, 77] , LIMPET [63, 64] , and Mutriku [72, 73] . These devices were operated for long periods, so their performances has been well documented in many research studies. Meanwhile, these prototypes have been tested at the model scale in wave tanks for optimization studies and performance assessments. The wave tank models provided better results that can be used to validate simulation analysis. The performance of these prototypes and the models installed around the world are summarized in Table 4 . To be consistent, the IDs of all the devices were continuously numbered in the paper, which was also easier for representing the devices in the figures later. 
Oscillating Body Systems
Oscillating body systems are also referred as wave-activated body systems. This is because their main mode of operation involves the generation of oscillatory motion by the body during its interaction with the ocean waves. This motion is converted to other forms of useful energy through the appropriate power take-off mechanism. Most oscillating body systems are heaving and pitching devices with the main absorbing systems floating on the water surface. In few reported cases such as the famous Archimedes wave spring (AWS), they can also be submerged bodies [101] . Unlike oscillating water column devices, which can be mounted along the coastlines or in shallow waters, oscillating body systems require areas with adequate depth depending on the size and type of the WEC to cater for the motions of the body. The complexities associated with offshore structures make the deployment of wave-activated systems more challenging. With the increase in the knowledge of the dynamics of floating bodies, there has been an increase in the study of the capture mechanism of oscillating body systems. One major thing that makes the use of these types of converters attractive is that the efficiency of the energy absorbed by the body can be improved significantly when the body is at resonance with the incoming wave ( Figure 2 ). 
Oscillating body systems are also referred as wave-activated body systems. This is because their main mode of operation involves the generation of oscillatory motion by the body during its interaction with the ocean waves. This motion is converted to other forms of useful energy through the appropriate power take-off mechanism. Most oscillating body systems are heaving and pitching devices with the main absorbing systems floating on the water surface. In few reported cases such as the famous Archimedes wave spring (AWS), they can also be submerged bodies [101] . Unlike oscillating water column devices, which can be mounted along the coastlines or in shallow waters, oscillating body systems require areas with adequate depth depending on the size and type of the WEC to cater for the motions of the body. The complexities associated with offshore structures make the deployment of wave-activated systems more challenging. With the increase in the knowledge of the dynamics of floating bodies, there has been an increase in the study of the capture mechanism of oscillating body systems. One major thing that makes the use of these types of converters attractive is that the efficiency of the energy absorbed by the body can be improved significantly when the body is at resonance with the incoming wave ( Figure 2 ). The main oscillating systems are the heaving systems and the oscillating surge converters/pitching systems or a hybrid of these two systems. For most of these devices, all degrees of motion can usually occur during operation; however, the motion directions needed for power capture are allowed, while the remaining motion directions are usually restrained. The dimensions The main oscillating systems are the heaving systems and the oscillating surge converters/pitching systems or a hybrid of these two systems. For most of these devices, all degrees of motion can usually occur during operation; however, the motion directions needed for power capture are allowed, while the remaining motion directions are usually restrained. The dimensions and configurations of the devices are usually designed in such a way to make the motion in the desired direction more prominent. Over the years, different methods have been used to increase the overall efficiencies of the oscillating body systems. Due to the dynamics of floating bodies, the methods to increase the efficiencies are mainly focused on making the energy absorbing part operate around its resonant period. The major challenge is that the real ocean wave environment is random in nature. Hence, tuning the oscillating body systems to resonate with different ocean waves frequency is a problem. The most common methods used are the active and passive control methods through the use of power take-off as well as optimization of the geometry. Other methods include the reduction of the viscous damping that occurs during the movement of the buoy inside the water [102] .
Active and Passive Control to Increase Efficiency
Active controls differs from passive controls. In active control, power has to be supplied either externally from the produced power by the WEC for controlling the primary wave energy absorber [103, 104] , while latching and declutching are examples of the passive control methods of a WEC, and are very common in WEC optimization studies [105, 106] . Latching control is achieved by holding the heaving WEC in a fixed position when the velocity is zero and releasing the WEC at the right time so that its velocity can be in phase with the excitation force, so that resonance is achieved [107] . On the other hand, declutching works by alternatively switching the power take-off system on and off [108] . It is also called unlatching. Many researchers [109, 110] have reported increases in power capture through this method. The work on the special latching and declutching method to control the converter using active reference [111] described an in situ actively controlled motion compensated platform that acts as an active reference in the latching of a hemispherical-shaped device. The major limitation of the latching and declutching method, especially for heaving systems, is that it cannot be used for direct drive linear generators or on arrays of converters, because the optimum phase for latching will be different for each of the oscillators present in the array [112] .
Geometric Optimization to Increase Efficiency
The work done by [113] applied a geometrical optimization method to a heaving point absorber WEC using the statistical method coupled with a frequency domain hydrodynamics of the system based on data from the coast of Rio De Janiero. Their work focused on maximizing the power absorbed by the WEC through matching its geometry to resonate close to the dominant wave period during the sea test. The statistical analysis through the design of experiment (DOE) method reduced the computational time, because the optimum geometry to capture the maximum power was quickly determined. Another study [114] on the geometry optimization used wave data from the Atlantic Marine test site situated in Ireland. The researchers tried to maximize the dynamic heave velocity response of the unconstrained system. In this work, different shapes of the heaving buoy were considered, and the optimum geometry was determined to be the one that yielded the maximum dynamic velocity, which was considered the most suitable. Changes to the inertia during experiments of a laboratory-scaled converter were performed by [115] . The inertia of the device was adjusted in order for its natural frequency to resonate with different frequency bandwidths of an irregular wave. Although their experiments used metal weights to adjust the inertia in the laboratory, they suggested that ballasting and deballasting could be employed on real converters at sea. The conclusion of their work estimated an increase of power capture between 15% and 25% when compared with that of a static inertia. Another important study on the shape optimization of WECs was performed by [116] , where the optimum shape under monochromatic (unidirectional and multidirectional) and polychromatic (unidirectional and multidirectional) ocean waves were analyzed. A genetic algorithm was used to search through a wide range of shapes, and the optimum shape was investigated under different ocean wave conditions. Optimization of the geometry, mooring line, and mass distribution of a point absorber-heaving WEC was performed by [117] . This was done in a frequency domain analysis by representing the irregular waves through a superposition of regular waves. They also examined the safety of the WEC tested at the site. The WEC was tuned to the site-specific wave characteristics to optimize the power capture. A more rigorous work that considered the buoy geometry, dimensions, mass of the moving parts, damping force of the generators, connected load, and velocity of the buoys was done by Sjokvist et al. [118] . They created a parameter (velocity ratio) to determine the relationship of the draft and buoy radius with the motion and energy absorption of the WEC. They used this relationship to determine the optimum buoy geometry suitable for power absorption.
The main challenges facing the optimization methods of a WEC's geometry and inertia is that most are only suitable for a narrow bandwidth of ocean wave frequency. Hence, most of these devices are tuned to the predominant ocean wave properties. Their power performance outside the frequency bandwidth is very low.
Heaving Systems
Heaving systems transmit energy to a power take-off mechanism through the vertical oscillatory motion of the device, which acts as a piston. The simplest configuration consists of a vertically oscillating buoy connected to a fixed foundation [119, 120] . Other configurations are the multibody systems [121, 122] . Different methods of designs have been used to improve the performance of the different heaving systems. Their simple configuration has made them attractive for use by different developers. For example, heaving wave energy devices are presently tailored to cater for offshore energy needs such as communication, oil and gas, ocean data gathering, and monitoring, among others [123] .
The efficiencies of different heaving wave energy converters reported through simulations, experimental trials, and sea trials over the years are shown in Table 5 . The efficiencies reported are selected based on the comprehensive approach to which the efficiencies were derived. All the reported efficiencies, whether based on simulations, model tests, or sea trials were made with real wave data. In addition, for devices tested in [11, [124] [125] [126] [127] [128] , the devices are modeled similar to existing systems that have been validated. For example, the systems described in [122, 123, 126] are modeled according to the SEACAP WEC device, OPT buoy device, and Wavestar WEC, respectively. The efficiencies and the wave energy potentials reported in these devices are yearly average values. The work done in [129] also tested the devices in different regions with different wave resource potentials. It is evident that the efficiencies of the heaving devices changes when the site conditions change. There are actually no pure surging wave energy converter devices. The actual motion direction is the pitching motion. However, these devices are named as such because the surge motions of these devices are more noticeable to a casual observer. The rotations of these devices, which are activated by the ocean waves, are connected to the appropriate power take-off for the power conversion process. Some of these devices may be hinged to a fixed foundation-such as the Weptos [131] or the Salter's duck [132] -or as a floating device such as the Pelamis [48] or SEAREV [133] . These devices have been tested at the laboratory scale up to full-scale models while being validated by numerical and simulation analyses. The Pelamis went on to become one of the few devices for which serious attempts were made at commercialization. For example, the development of the Weptos went through a carefully designed development including design, laboratory tests, wave tank tests, and sea trials, in which the ocean wave resource was evaluated and the model tests were scaled so that performance could be properly tracked. The performance and efficiencies of the major pitching devices are summarized in Table 6 . All the efficiencies reported in the table are hydrodynamic efficiencies. The devices described in [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] in Table 6 are fixed devices, since they are usually hinged to a fixed frame of reference, while the rest of the devices in Table 6 are floating systems. Simulation, experiments, and simulations 
Overtopping Wave Energy Converters
The method of capturing the ocean wave energy with an overtopping type of wave energy converters is very different from the other two methods described earlier. Overtopping devices are built in such a way that water around the crest of the ocean wave is captured into a reservoir and stored at a level above the average sea level. The water stored in the reservoir is released gradually to drive a hydraulic turbine to convert the potential energy of the stored water to useful energy. Hence, unlike the oscillating water column and the oscillating body systems, the energy captured is not due to the 'motion' of the ocean wave. The mode of capture is more similar to that which is obtained in the conventional hydroelectric power conversion systems. One of the earliest overtopping devices is the Tapered Channel Wave Power Device (Tapchan) in Norway [145] . It has a rated power of 350 kW. Another popular device is the Wavedragon built in Denmark [146] , which is a floating device. Similar in design to the Wavedragon is the Seawave slope cone generator [147] .
The performance and capacity factors of overtopping devices will surely depend on the availability of water in the reservoir. Elevating the difference in the height between the reservoir and the free water surface is another sure way of improving the overtopping devices. In view of these factors described above, overtopping devices will be well suited for regions where the wave heights are significantly higher. The power performances of some of the popular overtopping devices over the years are summarized in the Table 7 below. As seen from the table, most of the analyses were performed on the popular overtopping devices. 
Comparing Power Efficiencies of Different Wave Energy Converter Types
Unlike wind turbines in which increases in either the wind velocity or the swept area of the blades lead to an increase in the power capture, the interaction behavior between ocean waves and the WECs makes their power-absorbing characteristics different. Therefore, a more detailed analysis of WECs and sites properties needs to be undertaken before the design and deployment of these devices. The performance analysis of the WECs discussed in Sections 3-5 have shown that the reported efficiencies vary with the energy-capture technologies and site resource potential, as well as the characteristic width of the devices. Different attempts have been made to compare the performance of different WEC types. Notable among the work is the study performed by Babarit et al. [29] . They used numerical methods to determine the power output of four different types of heaving devices, two types of pitching devices, and a floating oscillating water column device. These devices were tested using data from five different test sites of well-defined wave energy resource assessment. The indices they used for the comparison include the annual mean absorbed power, the absorbed energy per surface area, the absorbed energy per characteristic mass, etc. Similar to Babarit's work is the one done by Rusu et al. [26] , where numerical analysis was conducted with some very popular WEC devices in different regions of the world, and the performances were based on the harvested power versus the rated power of the devices. Other works include that the hydrodynamic efficiencies of different devices were tested in regions with same or similar wave energy resources [98] . Another equally important work was by Pecher [150] . This work introduced a frame work for estimating the performance of a WEC whether it is during wave tanks tests or open sea trials. While acknowledging the challenges and limitations such as wave energy potential and location in estimating the performance of WECs, a reasonable way to achieve this was described. For example, performance in wave tank tests can be based on sea states (performance curve), the non-dimensional surface, or by defining a scaling ratio to relate the tank tests to the prototype size. Finally, it was suggested that for comparing different types of WECs, economic indices may be used, or if it is the power performance, certain parameters should be taken into consideration as references such as the wave conditions, assessment procedures, conversion stage, reference width, scaling ratio, and the efficiency of the wave farm.
For the comparison analysis performed in the study, the focus will be on the hydrodynamic efficiencies of the devices. This is because it is the only stage of the conversion processes unique to ocean wave energy converters, and the major hindrance to the utilization of ocean wave energy is due to the low performance at this stage. Other conversion stages, such as the mechanical and electrical stages, are applicable to other types of power conversion systems. Figure 3 shows the different efficiencies of the devices in relation to their characteristic widths. The oscillating bodies have the highest efficiencies with smaller sizes. It should be noted that these characteristic widths are just the part of the devices that is in contact with the ocean waves. The overtopping devices have larger characteristic widths because their arms are usually the part used in directing the ocean waves to the reservoir area. From Figure 4 , the oscillating water columns and the oscillating body systems tend to perform better when the wave energy resource potentials increase, while that of overtopping devices seems to be constant irrespective of the amount of wave energy resource potential. This is expected since the amount of energy captured by overtopping devices depends on the wave height and the difference between the height of water storage and the turbine. In addition, the efficiencies recorded through simulations may tend to be higher than reality, as some of the losses may not be properly represented in a simulation. The same is applicable to efficiencies extrapolated from model tests to field-scaled devices. 
Power Take-Off Systems
The power take-off (PTO) of a WEC is an important part as it affects the overall performance of the WEC to deliver the desired electrical energy and the cost of the device. The overturning WECs, whose operation is similar to that of a small conventional hydroelectric power source, can use similar low head hydrokinetic turbines for their PTO systems. For oscillating body systems and oscillating water column systems, the main challenge is to convert the low velocity motion of the WEC to a unidirectional motion by the PTO system. Oscillating column systems use mostly air turbines for their PTO, while oscillating body systems' PTO can utilize any piston-like system, such as hydraulic drives, mechanical drives, or gas accumulators. In addition, direct drive linear generators can be also used for oscillating body converter systems because of their high efficiency. A comprehensive review on power take-off can be found in [18, 21] . PTO systems used for wave energy converters are also used in other power-generating systems. Hence, their conversion efficiencies and capacities have been standardized by different manufacturers over the years. A typical conversion efficiency is given by [151] and summarized in Table 8 below. Similar with any other renewable energy systems, PTO systems that use WECs must be able to handle the intermittent nature of the power absorbed from the ocean wave by storing the energy temporarily so that the energy can be "smoothened" before transmission.
Cost Trends of Wave Energy Converters
Another important factor in evaluating wave energy converters' performance is the cost of energy produced. Prospective investors in the wave energy industry will only be interested if there will be a reasonable return on their investments. Therefore, ocean wave energy harvesting needs to not only be profitable, it also needs to be competitive, as it is not the only renewable energy resource available offshore. So, beyond the increase in power production of WECs from the current production rate, there is a need to simultaneously reduce the cost of power production and increase the reliability of the whole system. Since ocean wave energy is at the infancy of the commercialization stage, very few studies exist in which robust costs and economic analysis have been analyzed. The studies available are project specific and study the factors influencing the cost, such as construction and installation costs, operation and maintenance costs, tariff rates, insurance, etc.
A comprehensive study was carried out by [152] on the Pelamis device based on a location with a well-characterized resource in Ireland. Sensitivity analysis was performed on factors such as capital expenses, operating expense, insurance cost, capacity, and scale of wave energy farm to see how they influence the cost of power produced. At the time of the study, the project may not be viable economically based on the electricity pricing regime that was presented in Ireland. Other early studies related to the cost of power produced from ocean waves included the one sponsored by the United States Department of Interior [153] , which predicted that the cost of power production from a hypothetical wave farm of 90-MW capacity will reduce from about $2600/kW in 2008-2011 to $1325/kW in 2024-2027. The work by [154] estimated the costs of energy generation between $1960/kW and $4900/kW in the United Kingdom. The performance of the Pelamis was also studied in California, USA [155] . After analyzing the wave energy resource present in the region, it was estimated that the cost of power generation would be $7500/kW and $2600/kW for a wave energy farm of 1 MW and 105 MW capacity, respectively, based on the 2004 dollar value. At this cost of power production, the levelized cost of energy is about 11.2 cents per kWh, while the cost of energy for onshore wind energy was 3 cents/kWh at the same time. The cost of ocean wave energy in a 100-MW farm with a capacity factor of 33% was compared with other sources of renewable and conventional energy in Scotland. The energy generated by the wave energy converter system remained the highest, which is more than double the closest to it, including tidal and offshore wind. However, the cost is also about four times higher than sources such as nuclear and coal [156] . A more comprehensive work [157] was performed to determine the cost of energy produced in the UK, Spain, USA, France, Canada, and Chile. Costs, involving the structural cost, installation, mooring, etc., were compared for a multipoint absorber and a multibody pitching device. The resource capacity of the areas tested ranged from 5.8 kW/m to 28.5 kW/m. The levelized cost of energy was lowest in the USA with about $0.84/kWh and highest in France, which costs $1.6/kWh. Apart from Canada and France, which show a high difference between the cost for multipoint absorber systems and multibody pitching devices, there is very little difference between the two types of devices in other locations. A specific study on an overtopping converter tested in nine different locations with wave energy resources ranging from 42 kW/m to 62 kW/m [158] . The payback period ranged from about 10 months to 50 months at different locations. New studies have emerged to obtain a framework to estimate the economics and cost involved irrespective of the type of WECs. The analysis involved determining the power matrix of the converter type with respect to the available wave energy resource in the area. Other factors include costs related to construction and installation, maintenance cost, etc. [159] [160] [161] . In addition, some recent research studies [162, 163] have studied the possibility of the collocation of wave energy converters and offshore wind turbines at the same geographical area to increase the energy output and reduce the variability of energy output, which also creates a number of important synergies and advantages including a reduction of installation costs combining foundations, electrical infrastructure, installation, planning and development, and a reduction of operational and maintenance costs.
Conclusions
This paper has tracked the power performance of different types of wave energy converters over the years. The converters were classified according to the types of harvesting technology, which are oscillating water columns, oscillating body systems, and overtopping devices. The reported efficiencies of different wave energy converters from different studies were identified to as the whether the analyses were based on numerical and simulation methods, laboratory experiments in wave tanks, field tests in open sea conditions, or a combination of two or more methods. Most of the studies considered in this paper are based on numerical and simulation analyses with few progressing to field tests. Very few go on to be connected to an electric grid. Most of the efficiencies reported in numerical simulations and laboratory experiments are higher than those of the open-field tests.
In order to compare the performance and efficiencies of the wave energy converters analyzed in this paper, the efficiencies at different stages of power conversion were identified in order to not confuse the different efficiencies reported in different studies. The efficiencies at these conversion stages are separated into pneumatic/hydrodynamic efficiency, turbine/mechanical efficiency, electrical efficiency, and transmission efficiency. However, the hydrodynamic efficiency is used to compare different WECs with different capture technologies. This is because this stage of conversion is the only one unique to the ocean wave energy system. The hydrodynamic efficiency in relation to the characteristic width of the converters and the wave energy resource potential at testing locations were determined and compared. The result showed that the oscillating body systems performed the best, while the overtopping devices performed the worst based on the characteristic width of the devices. Meanwhile, as ocean wave power is primarily decided by two ocean properties (wave height and wave period), the oscillating water column and oscillating body systems tend to increase in performance as the wave energy resource potential increases.
The costs of the production of power from the wave energy converters are also discussed. As expected, the levelized cost of energy reduces as the capacity of the wave farm increases. However, the costs will also be determined by other factors such as the water depth. Water depth will definitely affect fixed structures compared to floating structures. The transmission cost will increase if the distance at which the WECs are further offshore increases. The transmission cost can be reduced through the sharing of facilities installed, such as an offshore wind turbine if it is available. The costs will further reduce and make ocean wave energy competitive with other energy sources as technology improves, incrementally increasing the power production per unit device, the use of cost effective material, etc. Very few studies have shown that investment in ocean wave energy can currently return a decent profit where there is very little or no alternative form of power source.
It should be noted that the various efficiencies reported in this study are related to the ratio of the power absorbed by the WEC to the available power in the ocean wave front before transferring to the PTO system. Therefore, there are still many stages of the power conversion process to be considered before the 'best' design or type of WEC can be chosen. Meanwhile, the efficiency of a WEC depends on the device's scale, type, and ocean wave resource assessment. Therefore, choosing the desired design of a WEC will be tailored to the objective of the designer, which could be the overall power performance, cost of energy production, survivability, environmental concerns, etc.
Tracking the power and economic performance of wave energy converters will enable the monitoring of the growth of the ocean wave energy industry. For the utilization of ocean wave energy to reach the commercial stage as wind and solar energy have, the amount of energy absorbed primarily from the ocean wave, which is the hydrodynamic conversion stage, must be substantial. It should be noted that the efficiencies reported in this paper are based on the annual average. Further studies investigating the time variation of the power-absorbing efficiency and methods in which to condition this power to be acceptable on the electricity grid will go a long way in assessing WECs' performance. After a comprehensive understanding of the power and associated cost capture is achieved, analyses investigating the commercial and environmental feasibilities can also be conducted in the future.
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